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High-resolution carbon isotope measurements of multiple stratigraphic sections in south China demonstrate that the pronounced carbon isotopic excursion at the Permian-Triassic boundary was not an isolated event but the first in a series of large fluctuations that continued throughout the Early Triassic before ending abruptly early in the Middle Triassic. The unusual behavior of the carbon cycle coincides with the delayed recovery from end-Permian extinction recorded by fossils, suggesting a direct relationship between Earth system function and biological rediversification in the aftermath of Earth's most devastating mass extinction.
The most severe extinction since the advent of animal life on Earth occurred at the end of the Permian Period, 251 million years ago (Ma) (1) (2) (3) , with global loss of marine species estimated near 90% (4, 5). Organisms with heavy calcification and limited elaboration of circulatory and respiratory systems were most severely affected, whereas those with more active control of circulation, elaborated structures for gas exchange, and lightly calcified or uncalcified skeletons survived in much higher proportions (6) . The ensuing Early Triassic was an interval of delayed biotic recovery characterized by continued low diversity (5) ; the persistence of a cosmopolitan fauna in the oceans (7) ; the absence of metazoan reefs (8) , calcareous algae (9), calcareous sponges (10) , and corals (11) ; the apparent absence of marine taxa recorded in both Permian and Middle Triassic rocks (12) ; a reduction in the size of invertebrates (13) ; and, on land, a hiatus in coal deposition (14) . Sustained recovery of marine diversity and ecology began primarily in the early part of the Middle Triassic, some 4 to 8 million years after the extinction itself. The apparent delay of biological renewal could reflect the time scale necessary for reintegration of ecosystems (5, 12) or poor Early Triassic fossil preservation (12) , but it has also been widely interpreted as a consequence of persistently unfavorable environmental conditions through part or all of the Early Triassic (5, 15, 16) .
Aside from the extinction itself, the strongest evidence for environmental disturbance at the Permian-Triassic (P-Tr) boundary is a sharp negative excursion of 2 to 4 per mil (‰) in the carbon isotopic composition (␦ 13 C) of marine carbonate (␦ 13 C carb ) (17, 18) and one or more similar excursions in the ␦ 13 C of organic matter (␦ 13 C org ) (19) (20) (21) . Although the apparent stabilization of ␦ 13 C carb above the boundary interval (17) has been used to suggest a stable but reduced fraction of organic carbon burial in the Early Triassic (22) , the carbon isotopic record of Early and Middle Triassic rocks has received relatively little study. Positive carbon isotopic excursions have been noted at the Dienerian-Smithian (23), Smithian-Spathian (24), and Spathian-Anisian boundaries (25) , but, to date, the only complete Early and Middle Triassic carbon isotopic data set previously compiled from a single stratigraphic section is in an unpublished dissertation (23) .
We sampled the Great Bank of Guizhou (GBG), an isolated Late Permian to Late Triassic carbonate platform in the Nanpanjiang Basin of Guizhou Province, southern China (Fig. 1A) , to obtain high-resolution profiles of ␦ 13 C carb from the Late Permian through the Middle Triassic. The exposure of sections in both platform interior and basin margin settings further allows us to compare data across a range of depositional environments (Fig. 1B) . A detailed stratigraphic framework for the platform has been developed from sequence stratigraphic (26) , biostratigraphic, and geochronologic studies (27) .
Our results show that the P-Tr boundary carbon isotope excursion was not an isolated event. Rather, it was the first in a series of (mostly larger) excursions that continued throughout the Early Triassic and into the early part of the Middle Triassic Period (Fig.  2) . The excursions ended early in the Anisian (Bithynian) and were followed by an extended interval of stable values around 2‰. The interval of carbon-isotopic stability continued through the remainder of the Middle Triassic and into the Carnian (Fig. 3) , demonstrating that the large fluctuations in ␦ 13 C carb are confined to Early Triassic strata.
Absolute ages of 251.4 Ϯ 0.3 Ma (1) or ϳ253 Ma (2) for the P-Tr boundary and ϳ247 Ma for the Early-Middle Triassic boundary (27) constrain the entire Early Triassic to ϳ4.5 to 6 Ma and individual isotopic excursions to less than 1 million years in each case. The drops in ␦ 13 C carb at the P-Tr boundary and at the base of the overlying cyclic interval in the platform interior (Fig. 2 ) occur within 10 m of section, suggesting a very short time scale for these events, whereas the positive and negative excursions observed in the upper part of the platform interior and on the basin margin occur over longer stratigraphic intervals (Ͼ50 m), implying that they developed more slowly, although still in less than 1 million years. The symmetry of the positive and negative excursions indicates that the time scales of increases and decreases in ␦ 13 C carb were similar. Our data (28) reproduce both the gradual carbon-isotopic drop in Late Permian oceans and the rapid negative excursion at the P-Tr boundary (17) . The negative excursion at the base of the platform interior cyclic interval and the subsequent positive excursion are hinted at by basal Triassic ␦ 13 C org profiles for nonmarine successions (19) , and they appear to correlate with data from the Italian Dolomites reported in an abstract (29) . Our data also corroborate previous reports of positive excursions at the Smithian-Spathian (24) and Spathian-Anisian (25) boundaries, as well as the general shape of composite isotopic profiles developed from sections in Anhui Province, China (30) , and multiple profiles reported from across the Tethys (23). The consistency of our findings with the more limited results from other areas, the sharp contrast between the Early and Middle Triassic records on the GBG, and the consistency of the platform interior and basin margin records indicate that these data reflect global instability of the Early Triassic carbon cycle rather than local, diagenetic, or facies-specific effects. Confirmation of the global nature of the signal will depend upon additional high-resolution studies at other localities.
What physical mechanisms could have generated positive and negative isotopic shifts in ␦ 13 C carb of up to 8‰ in marine carbonates over time scales of tens to hundreds of thousands of years? Although the rapidity of the extinction (31) and isotopic excursion at the P-Tr boundary is compatible with emerging evidence of bolide impact (32, 33) , the longer time scale of the subsequent excursions suggests another cause. Eruption of the Siberian Traps provides another possible explanation for prolonged instability in the carbon cycle. Available radiometric dates restrict Siberian trap basalts to the boundary interval itself (34) , but the limited geographic scope of dated sections relative to the known area of the volcanic flows and the presence of Ͼ1000 m of flows above the youngest dated horizon (34) leave open the possibility that episodic eruption occurred through much of the Early Triassic. More age data are needed to test this scenario.
Massive methane release from sea-floor gas hydrate reservoirs has also been suggested as an explanation for the P-Tr boundary excursion (5, 19, 21, 35) . Unlike the Late Paleocene event for which gas hydrate release was first proposed (36) 
extended, alternating intervals of methane storage and release. The long time scale [Ͼ100 thousand years (ky), assuming constant sedimentation rates] of the negative shifts is difficult to account for under the scenario of methane release, because as the time scale of the isotopic shift increases, so too does the amount of methane needed to produce the same excursion. The ϳ8‰ drop from the late Dienerian to Smithian (Fig. 2) over 100 to 500 ky would require the release of much more than 10,000 Gt of methane (1 Gt ϭ 10 7 kg) (37), more than five times the amount suggested to account for the Late Paleocene thermal maximum (36) . Furthermore, the dependence of methane production on organic carbon burial precludes rapid (i.e., Ͻ1 million years) replenishment of the methane hydrate reservoir in the absence of extraordinarily high rates of organic carbon burial (38) . Methane release is an attractive hypothesis for the P-Tr carbon-isotopic event viewed in isolation, but the full Early Triassic record is not easily reconciled with a methane-driven scenario.
Another explanation for the positive and negative excursions is that there were massive changes in the burial of organic carbon relative to carbonate carbon ( f org ). Such an explanation requires periodic episodes of extraordinarily high organic carbon burial ( f org Ͼ 0.5, resulting in a positive shift in (39, 40) . One hypothesis that has been proposed to explain very high ␦ 13 C carb values at those times was a more tropical continental configuration, such that tropical river deltas became anoxic, greatly increasing phosphate recycling and allowing very high rates of organic carbon burial (37) . If correct, then perhaps the Early Triassic, tropical Tethys ocean basin alternated between oxic and anoxic conditions, with very large changes in organic burial rates. Alternatively, large variations in carbon burial fluxes may have resulted from mechanisms related to the low diversity of Early Triassic ecosystems. Regardless of the explanation, the close resemblance of the Early Triassic carbon isotope record with the repeated excursions recorded near the NeoproterozoicCambrian boundary (39, 40) may reflect similar forcing mechanisms.
The Early Triassic interval marked by repeated large and rapid isotopic excursions coincides with the paleontologically observed interval of limited biological recovery. Fossils provide several independent metrics of recovery. After the decimation of Late Permian ecosystems, global diversity began to rise in the Smithian, with the largest and most rapid increase occurring in the early Anisian. Much anecdotal evidence indicates that body size in many invertebrate groups remained small throughout the Early Triassic (13) . Figure 3 , which includes a global compilation of maximum size in gastropods, provides quantitative confirmation of this phenomenon for one group. The reappearance of calcified green algae (41) also began in the Early Anisian (Aegean and Bithynian), coincident with carbon isotope stabilization. Scleractinian corals appeared, and heavily calcified sponges reappeared shortly thereafter, in the Pelsonian (42) . The considerable Anisian diversity of dasyclad algae, scleractinian corals, and sponges reflects the nearly simultaneous resumption or acquisition of calcification in several lineages within these groups (43) . Differences in physiological mechanisms of biomineralization may explain the slower time scale of skeletal (re)acquisition in previously uncalcified lineages of scleractinians and sponges versus algae.
The stratigraphic coincidence of large carbon isotope fluctuations with the protracted delay of biotic recovery from the endPermian mass extinction suggests two classes of explanations. One possibility is that the carbon isotopic variations represent repeated environmental disturbances that directly inhibited biotic recovery. If correct, then the disturbances must have followed one another with sufficient rapidity to preempt any visible recovery in the fossil record. This is consistent with the known paleontological pattern and can be tested by future refinements in the timing of first appearances of Middle Triassic scleractinian corals and sponges (i.e., they should post-date isotopic stabilization by an interval longer than the time between Early Triassic isotopic excursions). Another possibility is that the carbon isotope variations are, themselves, a consequence of decimated Early Triassic ecosystems, reflecting ecological controls on organic carbon burial. Whichever explanation is correct, the association between the most extreme carbon isotope excursions observed in the Phanerozoic Eon and the delayed recovery in the aftermath of Earth's largest mass extinction challenges our understanding of the ways that biological diversity and carbon cycling have interacted through Earth history. Fig. 3 . Composite carbon isotopic curve for the ChangxingianCarnian (Cordevolian) compared to the pattern of biotic recovery from the end-Permian extinction. Lithostratigraphy and conodont ranges are shown for the Upper Guandao section. The conodont ranges are used to constrain the Middle and Late Triassic time scale. Radiometric dates are from (1, 27, 44) , dasyclad algal diversity data from (9), coral and sponge diversity data from (45) , and global diversity data from (46) . Gastropod data are shown in During succession, ecosystem development occurs; but in the long-term absence of catastrophic disturbance, a decline phase eventually follows. We studied six long-term chronosequences, in Australia, Sweden, Alaska, Hawaii, and New Zealand; for each, the decline phase was associated with a reduction in tree basal area and an increase in the substrate nitrogen-to-phosphorus ratio, indicating increasing phosphorus limitation over time. These changes were often associated with reductions in litter decomposition rates, phosphorus release from litter, and biomass and activity of decomposer microbes. Our findings suggest that the maximal biomass phase reached during succession cannot be maintained in the long-term absence of major disturbance, and that similar patterns of decline occur in forested ecosystems spanning the tropical, temperate, and boreal zones.
After catastrophic ecosystem disturbance, primary succession occurs; this involves an initial period of ecosystem development leading to a maximal biomass stage. The build-up phase has been extensively studied and is characterized by broadly predictable changes in ecosystem productivity, biomass, nutrient availability, and soil processes (1-4). However, in the prolonged absence of catastrophic disturbance in either late primary or secondary succession, a decline or regressive phase often follows, during which there is a significant reduction in ecosystem productivity and standing plant biomass (5-7). Unlike the build-up phase, the decline phase and associated ecosystem-level changes are poorly understood. Yet an improved understanding of this decline phase is essential for evaluating the mechanistic basis of forest decline as well as the long-term importance of disturbance in maintaining ecosystem properties and processes.
Here we assess changes that occur in several properties that can be related to the functioning of ecosystems in the long term (that is, on the order of at least several thousand years) along each of six well-established chronosequences (Table 1, table S1 , and fig.  S1 ). Each chronosequence represents a series of sites varying in age since surface formation or catastrophic disturbance, but with all other extrinsic driving factors being relatively constant. In any chronosequence, the older stages would previously have been subjected to climatic regimes that were different from the present regime; however, our study seeks only to relate ecosystem properties under the present climatic regime to substrates of varying ages since their formation. Each of the six sequences has previously been shown to endure long enough for a decline in standing plant biomass to occur. They range from 6000 to over four million years old and represent a range of locations, macroclimatic conditions, parent materials, and agents of disturbance forming the chronosequence.
